We consider a wrapped supermembrane on R 9 × T 2 . We examine a double dimensional reduction to deduce a (p, q)-string in type IIB superstring theory from the wrapped supermembrane. In particular, directly from the wrapped supermembrane action, we explicitly derive the action of a string which couples to both NSNS and RR second-rank antisymmetric tensors in the ratio of p to q and has the (p, q)-string tension. *
Introduction
M-theory includes the supermembrane in eleven dimensions [1] which is expected to play an important role to understand the fundamental degrees of freedom in M-theory. Actually, it was shown that the wrapped supermembrane on R 10 × S 1 is related to type IIA superstring on R 10 by means of the double dimensional reduction [2] . On the other hand, type IIB superstring is related to type IIA superstring via T-duality, or type IIA superstring on R 9 × S 1 leads to type IIB superstring on R 10 in the shrinking limit of S 1 . Hence, type IIB superstring in 10 dimensions is to be deduced from supermembrane on a vanishing 2-torus.
Schwarz showed an SL(2, Z) family of string solutions of type IIB supergravity [3] . The (p, q)-strings [3, 4] are considered to be the bound states of the fundamental strings (Fstrings) and D1-branes (D-strings) in type IIB superstring theory. Furthermore, it was pointed out that the supermembrane which is wrapping p-times around one of two compact directions and q-times around the other direction gives a (p, q)-string, which was, however, not derived directly from the supermembrane action. In this paper we consider shrinking the 2-torus to approach type IIB superstring theory. Actually we deduce (p, q)-strings in type IIB superstring theory from the wrapped supermembrane on R 9 × T 2 in the shrinking limit of the 2-torus.
The plan of this paper is as follows. In the next section, we consider the supermembrane on R 9 × T 2 . We shall carefully rewrite the eleven-dimensional supergravity background fields to the nine dimensional ones and consider the double dimensional reduction along an oblique direction of T 2 . In section 3, we consider the T-dual of the derived string action along another compact direction of the 2-torus to deduce a string action with the (p, q)-string tension. We shall see that the string couples to both NSNS and RR second-rank antisymmetric tensors whose coupling is in the ratio of p to q, which indicates that the deduced string is, in fact, a (p, q)-string in type IIB superstring theory. The final section contains some discussion.
Double dimensional reduction
The supermembrane in a eleven-dimensional supergravity background, G M N and A M N P , is given by (only bosonic degrees of freedom are presented here)
whereγ αβ (α, β = 0, 1, 2) is the worldvolume metric,γ = detγ αβ , M, N, P = 0, 1, 2, · · · , 10 and T is the tension of the supermembrane. 1 Note that variation overγ αβ yields the induced metric,γ
and plugging it back into the original action leads to the Nambu-Goto form
Actually, we consider a wrapped supermembrane action on R 9 × T 2 . We shall take the shrinking limit of the 2-torus and deduce the (p, q)-string action directly from the action. We take the 10th and 9th directions to compactify on T 2 , whose radii are L 1 and L 2 , respectively. In taking the shrinking volume limit of the 2-torus, we keep the ratio of the radii finite,
Now we consider two cycles on T 2 characterized by two sets of co-prime integers (p, q) and (r, s). We impose the following condition on the two sets of co-prime integers to be able to adjust the spacesheet coordinates to the target space, 2 pr + qs = 0, ps − qr = 0, p, q, r, s ∈ Z .
(2.5)
Considering the line-element in (X 9 , X 10 ) space,
we shall represent the wrapping of the supermembrane as
where ξ α = τ, σ, ρ and w n ∈ N . (n = 1, 2) (2.13)
Note that w n can be negative, or w n ∈ Z\{0}, however, can flip the signs of p, q → −p, −q (for w 1 ) and r, s → −r, −s (for w 2 ) without loss of generality. The above expressions represent that the supermembrane is wrapping w 1 p-times around one of the two compact directions (X 10 ) and w 1 q-times around the other direction (X 9 ) along the ρ-direction on the worldsheet. Thus, this wrapped supermembrane is expected to give (p, q)-strings [3] . Actually, we shall see that the (p, q)-string comes out through the double dimensional reduction and T-duality around the end of the next section. Now that we shall adopt the double dimensional reduction technique [2] . However, we should be careful to deduce (p, q)-strings. First we determine the spacetime direction to align with one of the worldvolume coordinate, or we fix the gauge. We define X y and X z by an SO(2) rotation of the target space,
where
Actually if we plug in the relations between the eleven-dimensional supergravity and ninedimensional (or S 1 -compactified) type IIB fields [5, 6] , we have
where ϕ is a type IIB dilaton background. And hence we have
A suitable choice of the target-space metric is (M, N = 0, 1, · · · , 8, 9, 10)
Gμ 10 Gν 10 Gμ 10
On the other hand, due to eq.(2.14) we may also write (A,
and hence we haveG
Now we shall make a (partial) gauge choice of (cf. Ref. [2] )
or the z-direction is aligned with one of the space direction ρ of the worldvolume. Then the dimensional reduction is achieved by imposing the following conditions on the membranecoordinates and the background fields, 25) and
Then the induced metric on the worldvolume is given by [2] 
where i, j = 0, 1 and 
Thus, by the double dimensional reduction of eqs.(2.24)-(2.26), the supermembrane action (2.1), or (2.3), reduces to the following equivalent one,
where the first term on the r.h.s. has been rewritten from the Nambu-Goto form to the Polyakov form by introducing the worldsheet metricγ ij . As is pointed out in [2] , this action (2.33) has conformal invariance.
(p, q)-string from wrapped supermembrane
In this section, we derive the (p, q)-string action from the reduced supermembrane action in eq.(2.33). We shall take T-dual along the other compactified X y -direction (cf. eq.(2.14)). Introducing a variableX y , which is seen to be dual to the other compactified X y -direction, eq.(2.33) can be rewritten by
since the variation w.r.t.X y leads to ǫ ij ∂ i Y j = 0 or Y j = ∂ j X y and hence eq.(2.33) can be reproduced.
3 On the other hand, assuming that all the fields are independent of Y j (or X y ), the variation w.r.t. Y i leads to
and hence we have
Now that we consider the T-duality for the background fields in eq.(2.33) (or eq. (3.3) ). Since we regard X 10 (not X y ) as the 11th direction, we should take T-dual along the X 9 -direction to transform type IIA superstring theory to type IIB superstring theory. Then we can rewrite the background fields in terms of those of the type IIB supergravity as follows (cf. Appendix B),g
 99 , (3.5)
, (3.6) 8) where B
7)
(1) µν and B (2) µν are the NSNS and RR second-rank antisymmetric tensors, respectively, μν are the metric in type IIB supergravity, l = G 910 /G 1010 = A 9 and
Then, plugging these equations into eq.(3.3) we have
Once we regard X 10 as the 11th direction, the type IIA string tension T s is given by 2πL 1 T / √ G 1010 [3] since the 11d metric G M N is converted to the type IIA metric gμν using Gμν = gμν/ √ G 1010 . Also, if we assume that l and ϕ are constant and hence
where T pq is the tension of a (p, q)-string in type IIB superstring theory [3] . Actually, we see that both of the NSNS and RR antisymmetric tensors are coupled to Xα ≡ (X µ ,X y ) in eq.(3.10), which implies that the reduced action (3.10) is that of (p, q)-strings. Note that w 1 is just the number of copies of the resulting (p, q)-strings. If we allow q to be zero and take (p, q, r, s) = (1, 0, 0, 1), we have the fundamental strings in type IIB superstring theory.
Summary and discussion
In this paper, we have studied the double dimensional reduction of the wrapped supermembrane on R 9 × T 2 and explicitly derived the free string action of the (p, q)-string in eq.(3.10). Actually the infinitely wrapping supermembrane is necessary in the shrinking limit in order to recover one of the vanishing or shrinking dimension, which is realized by the "wrapping number" parameter w 2 becoming the continuous momentum in the dual variables.
The procedure of the double dimensional reduction here should be realized on the matrixregularized wrapped supermembrane on R 9 × T 2 [7] . This will be reported elsewhere [8] . We have considered classically to approach the boundary of vanishing cycles of the 2-torus with the wrapped supermembrane. Quantum mechanical investigation deserves to be investigated [9, 10] .
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A Notation
The spacetime indices:
The worldvolume and worldsheet indices:
The target-space metrics:
(A.9) g = 10d IIA rotated target-space metric , (A.10)  = 10d IIB target-space metric .
(A.11)
The worldvolume and worldsheet metrics: γ = membrane worldvolume metric , (A.12) γ = string worldsheet metric .
(A.13) (Anti-)symmetrization r.w.t. indices:
B 11d vs. 10d background fields
The 11-dimensional metric can be written by 
and the third-rank antisymmetric tensor A M N P is decomposed as
Those fields are related to those of IIB as,
9µ B
(1) 9ν
3)
(1) 9µ
9µ + lB
9µ , (B.10) A 9 = l , (B.11)
On the other hand, the 9-10 rotated metric is given by (A, B = 0, 1, · · · , 8, y, z) 
